• A large format pouch cell over a wide range of ambient temperatures is characterised.
Introduction
Lithium ion (Li-ion) batteries play a key role in emerging electric vehicles (EVs) and hybrid electric vehicles (HEVs) due to their high energy and high power density [1] . It has been widely reported that many of the battery characteristics such as cycle life, reliability, cost, and in particular energy and power density are highly affected by the operating temperature [2, 3] . The choice of the cell as well as the energy/power requirement of the pack, define the framework for designing the thermal management system (TMS) [4] . The primary function of the TMS is to regulate the battery temperature within the optimum range, typically defined to be between 15 and 35°C [5, 6] , and to ensure battery safety and durability [5, 6] . Higher temperatures improve the performance of li-ion batteries due to temperature dependency of the electrochemical parameters which result in lower internal resistance. However, higher ambient temperatures are known to accelerate the degradation rate due to increased side reactions within the cell [6, 7] . Conversely, low temperatures deteriorate cell performance mainly due to the reduced reaction kinetics resulting a high internal resistance [5, 6, 8] . The impact of low temperature operation is known to become more severe during periods of high current charging or "fast charging" that may result in the onset of lithium plating [9] . Many studies in recent years have focused on analysing the thermal behaviour of the batteries [10] . For example the impact of geometry and position of the tabs on the temperature gradient of a 10 Ah and 75 Ah has been discussed in Refs. [11, 12] . Kim et al. [13] investigated the thermal behaviour of a 14.6 Ah pouch cell under 1C, 3C and 5C at 25°C. Taheri et al. [14] used a 2D electro-thermal approach to develop a https://doi.org/10.1016/j.jpowsour.2018.02.027reliable model for a 20 Ah NMC prismatic cell. Wu at al. [15] extended their research, combining a 2D electro-thermal with a 3D thermal model and applied it for a 25 Ah pouch cell. They discuss the tab heat generation as the main source for the temperature non-uniformity throughout the battery. Samba et al. [16] developed a 2D thermal model of a 45 Ah cell considering radiation effects, and detailed tab heat generation. Murashko at al. [17] coupled an equivalent electrical circuit with a 3D thermal model and validated their model against experimental data for a 60 Ah pouch cell at 25°C ambient temperature for a 1C, 3C and 5C current discharge. Bazinski at al. [18] developed an analytical model to predict the heat generation of a 14.5 Ah LFP cell under different discharge rates.
Even though the topic of thermal modelling of li-on batteries has been broadly investigated, relatively few researchers within the literature have investigated the impact of ambient temperature over a wide range and most of them are limited to 25°C ambient temperature. In addition, simple lumped parameter models, such as those presented in Refs. [19, 20] , cannot provide sufficient details regarding power/capacity loss under different drive cycles/ambient conditions. To capture it, higher fidelity models, such as electrochemical models are required. Examples of electrochemical-thermal models validated at 25°C can be seen in Ref. [15] for a 2.3 Ah LFP cylindrical 26650 type cell operating up to 10C, a 10 Ah cylindrical LFP (a commercial type 38120) cell operating up to 2C [21] , a 3D model of 10 Ah LFP pouch cell [22] , a 15.7 Ah LiMn2O4/graphite pouch cell operating up to 5C [23, 24] and a 3D thermal-electrochemical model for a single layer 45 Ah LFP pouch cell operating up to 4C [25] . As mentioned despite the importance of the ambient temperature only a few studies considered it. Smith et al. [26] developed a mathematical model coupling the1D electrochemical model to the lumped thermal model. They employed temperature dependent electrochemical properties in their model through application of the Arrhenius expression. Their model was validated for a 6 Ah, LCO/ graphite lithium ion battery at 1C charge and discharge. They have also adapted the single cell model to model a battery pack containing 72 serially connected cells and the heat generation for a range of driving cycles and operating temperatures (e.g. −15 to 65°C). Wu et al. [27] developed a similar model using the same electrochemical parameters as in Ref. [26] and employed the model for investigation of the load [28] succeeded to make a real-time prediction of a 26 Ah battery's core temperature and terminal voltage employing a combined electrochemical, heat generation and thermal model. However, the details of the electrochemical parameters have not been reported in their research. The model was validated over a broad range of C-rates and ambient temperatures (−25°C -45°C), with ± 80 mV accuracy for terminal voltage and ± 2% error for the core temperature. As the thermal model is in 1D their model is potentially well suited for real time BMS applications. However, predicting the core temperature is not sufficient for designing a TMS, as the temperature gradient within the cell is arguably more crucial than the core temperature, especially when it comes to large format cells. The topic of absolute cell temperature vs. the impact temperature gradients is discussed further in Refs. [10, 29] . But still there is lack of information on how these two are related under different operating conditions. For EV applications, large format batteries with high energy and high power densities are more desirable as they extend EV driving range and also provide a more compact design for the pack [30] . However, large format batteries are more susceptible to a larger temperature gradient within the battery surface due to longer heat paths that may cause localised degradation [31] . The performance of large format batteries common to EV applications has not been extensively reported within the literature, with most studies focussed on simulating either lower capacity cells (typically: 10.5-14 Ah) or smaller formfactor cells [32] . Whereas choosing the right cell size for EV application is still a challenge as relative merits of large format cells are not well known [4, 11] . Moreover, the models discussed within the literature are often only validated over a constant charge or discharge not using real world duty cycles. The impact of ambient temperature on the capacity fade, or power loss of a cell in real world scenarios has equally not been widely discussed. Even though such detailed information is vital for safe operation, extended lifetime of the cells, battery thermal management system and final cost of a battery pack and therefore cannot be ignored, noting that these are currently challenges to be overcome for commercialisation of EVs. Finally, derivation of the electrochemical parameters of the cell is often missing with researchers using data-sets from literature, where the provenance is not well defined and often resorting to using multiple sets of parameters from different sources to parameterise their models.
The contribution of this paper is therefore twofold. Firstly, it provides a validated modelling and simulation framework to study the Fig. 1. (a) The schematic of the cell manufactured by XALT ENERGY, (b) Coupling of the 1D electrochemical-1D thermal model with the 3D thermal model.
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Journal of Power Sources 382 (2018) [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] electrical and thermal performance of large format pouch cells under real-world EV conditions, where variations in the ambient temperature on available cell energy capacity and power can be quantified. For the first time, a model is developed and validated employing real world duty cycles, including aggressive driving conditions, across a wide range of ambient temperatures (5-45°C ) in addition to conventional methods of constant charge and discharge. Further, through a comprehensive experimental programme, a full parameter set for the model is defined and presented which is quite novel. This differentiates the developed model from the other models that currently exist in literature which employ parameters from different sources, which may not be relevant to the actual cell studied. Therefore, the model and underpinning parameterisation data are a valuable resource to other researchers seeking to design their own electrochemical-thermal models for both cell and system level analysis. The study is structured as follows, Section 2 discusses the mathematical model including the 1D electrochemical-thermal model and the 3D thermal model. Section 3 defines the complete data set for the model, Section 4 and 5 present the experimental set up required for model characterisation and validation. Section 6 presents the reference model validated against the experimental data. Further work and conclusions are discussed in sections 7 and 8 respectively.
Model formulation
The electrochemical-thermal model within this study is based on the Pseudo Two-Dimensional (P2D) battery model which is a common approach for modelling li-ion batteries [33, 34] . A battery cell consists of a different number of electrode pairs. The representative domain for the coupled 1D electrochemical-thermal model consists of one pair including a negative current collector, negative electrode, separator, positive electrode and a positive current collector. A P2D model solves for five variables namely; lithium concentration in the solid (C s ), and electrolyte phase (C ) e , along with potential in the solid (ϕ s ), electrolyte phase (ϕ e ) and volumetric reaction current ( j Li ), employing charge conservation, mass conservation, electrochemical kinetics and energy conservation equations [22, 27] . Additional outputs from the model are terminal voltage (V t ), generated heat (Q), battery state of charge (SOC) and temperature (°C). In the is study, first the 1D electrochemical model is coupled with a 1D thermal model, hence the temperature dependency of the electrochemical parameters is considered when solving the electrochemical equations. The reason for coupling the electrochemical model with a 1D thermal model is to reduce the computational cost. Further the developed 1D electrochemical -1D thermal model for one pair from step 1 is combined with a 3D thermal model of a cell sequentially in order to capture the temperature distribution in the cell scale. In essence, the 1D electrochemical-thermal model provides a heat source (generated heat from a constant charge/discharge cycle or a drive cycle) for the 3D thermal model in the cell level. The schematic of the cell and coupling between the 1D and the 3D model of the cell is depicted in Fig. 1 . The total heat generation of the battery applied in the 3D model (Q W ( )
, can be evaluated by tabulating the total volumetric heat generated form one electrode pair (
3 as follows:
where N pairs represents the number of electrode pairs in a cell, L is the thickness of one pair and A surf ( × W H act act ), is the surface area of the cell.
Cell specification
The li-ion batteries characterised in this study are commercial 53 Ah large format pouch cells manufactured by XALT ENERGY. The anode is made of graphite (LiC 6 ) and the cathode chemistry is LiNi x Mn y Co 1-x-y O 2 (NMC). The lower and upper limit voltage during discharge and charge are 2.7V and 4.2V respectively. The maximum C-rate is 5C for continuous discharge and 2C for continuous charge, which is in accordance with the manufacturer's recommendation. The operating temperature range is between -20°C and 60°C for discharge and between 0°C and 45°C for charge. The dimensions of the cell are 225 mm × 225 mm × 11.8 mm.
1-D electrochemical model
The derivation of the electrochemical model is discussed in detail within [35] for a 10 Ah LFP pouch cell and will therefore not be repeated here. For completeness, the governing equations and the boundary conditions that represent the P2D model are listed in Table 1 .
3-D thermal model
As the dynamic performance of a battery cell is related to its temperature, an accurate electrochemical-thermal model would assist in the optimal design of the battery and underpins the development of an efficient TMS. The 3D model geometry contains one cell with both tabs, as shown in Fig. 1 . The bulk layer approximation of the complete cell is retained and the effective thermal properties of the bulk layer are Table 1 Governing equations and boundary conditions for the P2D modelling framework.
Description
Governing 
Mass conservation: lithium in the electrolyte phase
Electronic charge balance: potential in the solid phase
Electronic charge balance: potential in the electrolyte Phase 
Electrochemical Kinetics: 
calculated based on this approximation through the use of literature equations and available experimental data. The input for the heat generation of the cell core comes from the electrochemical model. The heat balance for the cell is derived by application of the energy conservation principle as:
where k x , k y , k z are the effective thermal conductivities along the x (through the thickness), y (along the width) and z (along the height) direction. The terms ρ and C p represent the equivalent density and heat capacity of the cell. ′′′ q is the total volumetric heat generation within the cell which, as discussed within [36, 37] , is assumed uniform throughout the cell.
Heat source
The overall heat source of the cell (Q) is the result of the reversible heat (Q rev ), the irreversible heat (Q irr ) and the heat generation of the tabs (Q tab ), as displayed below:
2.3.1.1. Reversible and irreversible heat source. The reversible heat of the electrodes is due to entropy change and can be either positive or negative [38] [39] [40] [41] . A recent study reported that the entropy value is very much dependent on the cell chemistry, for example LiCoO2 has a much larger entropy variation compared to NMC or LiFePO4 (LFP) [42] . To find the entropic coefficients, the open circuit potential (OCP) measurement at different ambient temperatures is required [42] [43] [44] . However, the entropic terms used in this study are based on entropy measurements for a full cell not the individual electrodes. The irreversible heat (Q irr ), is attributed to the total heat generated in the electrodes, separators and current collectors as a result of electrochemical reaction and ohmic (electronic and ionic) potential drop. In general, Q irr includes both reaction heat (Q ) r and ohmic heat (Q ) ohmic . The ohmic heat itself consists of ionic (Q ) ohmic ionic , and electronic (Q ohmic elec , ). The irreversible heat can be evaluated as: 
where i e and represent the ionic and electronic current density respectively. The above equation is normally used for a detailed study on the heat generation of different sources and its distribution inside a cell [45] . However in a cell scale a more general term is often used [46] :
which has the same value as Eq (13), and accounts for all the heat generated in the cell as a result of electrochemical reaction or ohmic (joule) heating. In the absence of active cooling, the convective boundary condition applied to the cell surface exposed to the ambient air is defined by:
where
) is the heat transfer coefficient, T is the surface temperature of the cell and T amb represents the ambient temperature around the cell and ′′ q the heat flux at the exposed cell surface. A h value of 6 W m K ( /( . ) 2 provided the best fit to the experimental data. Similar approaches have been adopted in Refs. [11, 47, 48 ]. An insulation condition is specified on the back of the cell.
2.3.1.2. Heat generation of the tabs. The generated heat in the tabs is mainly due to ohmic resistance as well as a change of cross-section in the tab area in contact with the current collector [25] . The schematic of the cell geometry applied for the 3D model is presented in Fig. 1 ) of the cell contributing to the electrochemical reaction. Likewise, the height of the tab is adjusted so that it matches the cell height. The detailed dimensions of the cell are presented in Section 3. The heat generation of the tabs (Q tab ) is the result of ohmic and electrical contact resistances and is defined as below:
where R (Ω) is the resistance of the current collector and R c (Ω) denotes the electrical contact resistance between the current collecting tab and the lead wire which connects the cell to the battery cycler [15] . It should be noted that except for the edge of the current collecting tab contacting with the lead wire, R c is zero and the heat generation is only due to the ohmic resistance [49] . R is dependent on the tab dimensions and tab material and is defined by Refs. [15, 17] :
where ρ m (Ω. ) is the resistivity, h m ( )
and A m ( ) tab eff , 2 define the height and effective cross section area of the tab respectively. It is noteworthy that, A tab eff , accounts for the area of the tab in all the layers inside the cell and therefore is calculated as:
where N pairs is the number of pairs inside the cell. These resistance parameters can be either measured or obtained from the battery manufacturer [17] . It is difficult to measure R c through experiments and hence, it is often neglected [25] . However R c has a much larger value than R, resulting in a significant contribution to the heat generation of the tab. Similar to the study reported by Yi et at. [49] , in this study R c is adjusted to get the best modelling fit to the experimental data, by checking the brass block (cell connector to the battery cycler) temperature. Table 4 summarises the parameters applied in this study to evaluate the total heat generation from the tabs.
Thermal parameters
The density of the cell is calculated by dividing the total mass of the cell by its volume. The thermal conductivity of the cell is orthotropic due to its layered structure and containing multiple materials with different thickness and thermal properties. The effective thermal conductivity through the thickness of the cell (x direction), as well as the y and z direction is given follows [50] [51] [52] [53] .
where k i and L i represents the thermal conductivity as well as the thickness of the internal layers of the cell. Comparing the calculated k x with the experimental values reported within the literature (0. [55] . However, Eq. (16) is not used to determine the cross-plane thermal conductivity, given that it neglects the presence of contact resistances between the cell layers, that would result in an over prediction in the thermal conductivity value [56] . As such, literature values for the cross-plane thermal conductivity value are used. The thermal property values used for the lumped 3D thermal model are summarised in Table 5 .
Definition of dataset for the 1-D electrochemical model and the 3-D thermal model
The 1-D electrochemical model parameters can be categorised in to two groups. The first group includes the physical properties of the battery which are fixed in the model and the second group is the dynamic parameters which are known to be a function of temperature and SOC of the battery. This latter subset of parameters are, the reaction rate (k i ), the diffusion coefficient of Li in the solid active materials (D s i , ), the diffusion coefficient of Li in the electrolyte (D e ), the electrolyte ionic conductivity (κ), open circuit potential and entropy change [57] . A common approach for temperature dependent parameters is to describe them by the Arrhenius equation [21, 26, 45, [57] [58] [59] [60] .
where T is the temperature and R uni is the universal gas constant. ψ represents a general parameter, which can be diffusion coefficient, reaction rate, ionic conductivity, and E act ψ , represents the corresponding activation energy. The magnitude of E act ψ , shows the sensitivity of the parameter to the temperature [58] . Among these model variables, the parameters with strongest temperature dependency are the solid phase diffusion coefficient and the reaction rate that affects the charge transfer resistance. The electrochemical model contains a large number of parameters, which some of those are chemistry dependent whereas the others are specific to the cell. Table 2 presents the full set of Reaction rate in the negative electrode, 
a Experiment. b Estimation. electrochemical parameters used in this study. The next section elaborates how the parameters were quantified.
The following section presents all the physical and thermal properties of the cell applied in this study. The detailed dimensions of the cell are presented in Table 3 .
The parameters applied in this study to evaluate the total heat of the tabs are presented in Table 4 .
The thermal property values used for the lumped 3D thermal model are summarised in Table 5 .
Experimental derivation of constant model parameters
As discussed within [35, 62] , out of the large number of electrochemical parameters electrode thickness (L i ), particle sizes (r p ), porosity (ε i ), diffusion coefficient (D i ), lithium concentration in the active materials (C s max , ) and reaction rate (k ) i in both electrodes are found to be the most crucial ones for modelling. It should be noted that i indicates the domain. Only a subset of the above parameters are directly measurable, such as (L i ) and (r p ). Other parameters are difficult to measure directly, but they may be calculated. For example by measuring the (r p ), (D i ) can be estimated. Similarly (ε i ), is difficult to measure or calculate. However, after estimating that from literature data, (C s max , ) can be calculated. Finally, the reaction rates (k ) i are applied as the fitting parameters as they can be neither measured or calculated. Following the discussion above a set of experiments were conducted to characterise the cell and find the electrochemical parameters. The initial experiments include battery tear down and scanning electron microscopy (SEM) to find the number of layers, thickness and dimensions of each layer and the particle sizes.
Number of layers and thickness
A new cell was discharged only once to 2.7 V at 25°C from its initial condition of 50% SOC. The cell was then opened in an argon filled glovebox (O2 and H2O below 0.1 ppm), and remained there for 24 h for the electrolyte to evaporate. After this stage, all the layers were detached and the most proper sample including cathode, separator and anode layers was chosen for measuring the thickness. The measurements were repeated for 3 times and the average value of the thickness was obtained for further analysis. The maximum measurement error was 1 μm. The complete procedure is presented in Fig. 2(a,b) .
It was observed that the cell was manufactured by sequentially repeating the layers in the following format: anode (dual face) + separator + cathode (dual face) + separator + cathode (dual face) + separator+ … + anode dual face). The cell contained 60 negative electrodes, 30 negative current collectors, 58 positive electrodes, 58 separators and 29 positive current collectors. The dimensions of the layers is given in Table 6 and Table 7 .
Particle sizes
A small sample (1 × 1 cm) of the negative and positive electrodes were cut and washed with DMC (di-methyl carbonate) for further use. SEM images were obtained using a Carl Zeiss Sigma Field Emission Scanning Electron Microscope (FE-SEM) at 5 kV accelerating voltage in combination with in-lens detection at working distances of approximately 2 mm. The SEM images of the anode and cathode are presented in Fig. 3(a,b) . The SEM images show a non-uniform particle sizes within both electrodes, therefore several measurements within the samples were made and the average sizes were employed for the modelling as displayed in Table 8 .
Other parameters
The particle sizes were defined based on the average values obtained from SEM images. The performance of the battery is highly dependent on the particle size, likewise the electrochemical model is very sensitive to this parameter. Therefore, in terms of validity of the model it is important to use the measured values in the model. On the other hand, there is a correlation between the particle size and the diffusion coefficient. The lower limit of the diffusion coefficient in the solid phase can be defined by the following equation.
where τ is the dimensionless time and compares the relative rates of the discharge and diffusion processes, t dis is the discharge time of the cell until it reaches the cut off voltage. The diffusion time is the required time for intercalation of the lithium and is a function of particle size as well as diffusion coefficient, as described by equation (30) .
For the battery operation not to be limited by the diffusion coefficient in the solid phase, the dimensionless time has to be higher than 0.2 ( > τ 0.2) [64] . This reveals that for this 53 Ah cell operating up to 5C, the lower limit for the diffusion coefficient in the positive and the negative electrode is equal to × − 4.3 10 14 and × − 2.1 10 13 respectively. Capacity of the positive and negative electrodes (δ pos , δ neg ) are defined below, in accordance with [65] . and k neg are the adjusting parameters to fit the charge and discharge curve obtained from the experimental measurements.
Experimental derivation of dynamic model parameters
The experiments undertaken include the open circuit voltage (OCV) measurements and capacity test including charge and discharge under different C-rates at temperatures of 5°C-45°C. This was conducted to find the adjusting parameters (k i ), and the activation energy for temperature dependent parameters (E act ψ , ) in the Arrhenius function and to validate the 1D electrochemical model. The model parameters as provided in Table 9 .
Finally, the surface temperature of the battery was measured by employing 10 temperature sensors (as displayed in Figure 1 , 8 on the front (T 1 -T 8 ) and two at the back surface of the cells (T 9 , T 10 )), and a thermal camera to validate the thermal model. To conduct the experiments, 3 cells were placed in a thermal chamber (Weiss Gallenkamp Votsch VC3 4060). The air was circulated within the thermal chamber by an electric fan to keep the temperature constant. The cells were connected to a commercial cycler namely a Bitrode MCV 16-100-5 to perform the test protocols. To make a stable connection, the cells were placed horizontally inside the chamber in contact with Acrylic sheets of 12 mm thickness, with the top surface exposed to the air flow, so that only the underside of the cell is in contact with the sheet. The position of the cells within the thermal chamber is presented in Fig. 4 .
OCV measurement
The open circuit voltage was collected from the cells potential measurements during a 1C discharge from 100% to 0% SOC. 0% SOC corresponds to when the cut off voltage of 2.7 was reached. The cells were discharged for 144s (0.04% SOC) at each single step accompanied by 4 h rest period. The terminal voltage of the cells was measured at the end of the rest periods. The OCV of the cells were measured during the discharge process at 5, 25 and 45°C to find the entropic coefficients contributing to the reversible heat. Entropy measurements for either individual electrodes or full cell of different chemistries determines that the entropy magnitude and its deviation by SOC for one cell can significantly differ from one another [42] . Looking at OCV deviation of the cells by temperature (displayed in section 6.1.1, Fig. 6(b) ) over the discharge events, the entropy effect can be achieved. The trend is similar to the one presented by Viswanathan et. Al [42] . It is seen that for (SOC > 0.7), the entropy variation is positive indicating that the reaction is endothermic, and for (SOC < 0.7), entropy variation over temperature is negative, proving an exothermic reaction. The magnitude of entropy significantly increases for (SOC > 0.9). This confirms that the entropic heat is more noticeable at the end of discharge. The averaged entropy value over a full discharge event is equal to −0.64 (mV K / ), which is negligible compared to the irreversible heat.
Charge and discharge
Each discharge rate measurement requires initialisation steps to precondition the cell before the measurement. At the first step the cells were discharged under a constant 1C discharge rate until a cut off voltage of 2.7V was reached. Then it was followed by a 4 h rest period to allow the cell to equilibrate [3, 66] . Afterwards the cells were charged under a constant current-constant voltage (CC-CV) method. Fig. 2. (a) Tear down of the 53 Ah NMC pouch cell, (b) Instruments for measuring the thickness of the layers.
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The CC section is followed by a 1C charge until the voltage reaches to 3.6 V and for the CV section, the voltage is held at 3.6 V until the current drops to C/20 [3] . Again a rest period of 4 h was applied for the cells, afterwards they were discharged until a cut of voltage of 2.7V was reached. The cells were discharged under constant discharge rates (0.5C, 1C, 2C, 3C and 5C), noting that 5C is the maximum discharge rate recommended by the manufacture. In total, 30 separate discharge test conditions were evaluated. For the charge procedure, likewise the discharge protocol, the cells need an initialisation step before the measurement started. That included a constant discharge until the cut off voltage of 2.7 V was reached, followed by a 4 h rest period. Afterwards the three fully discharged cells were charged at 5°C-45°C, following a CC-CV method at different C-rates, (0.5C, 1C and 2C). The 2C charge rate is the maximum limit recommended by the manufacturer. In total, 15 separate charge test conditions were evaluated. The terminal voltage of the cells were recorded at every second during both the charge and discharge events. The summary of the test protocols is displayed in Table 10 . The voltage response of the cells for the above discharge and charge protocols indicates that the cells behave very similarly during the whole process for the various range of ambient temperatures (5°C-45°C). Therefore, only the results for cell 1 are presented here. The voltage of the cell during charge and discharge over different C-rates as well as ambient temperature is illustrated in Fig. 5(a,b) . It is observed that as the temperature increases both the voltage and capacity of the cell increase. As discussed within section 1, this is due to the dependency of the electrochemical resistances to the temperature. It is known that the cells exhibit a very high resistance at low temperature which can be attributed to the slow kinetics of the cell reaction [67] , whereas the resistance significantly decreases as the temperature rises. The Fig. 3 . SEM images of, (a) the negative active material (graphite) and, (b) The positive active material (NMC). Table 9 Reaction rates and the activation energy of the dynamic parameters defined through experiments.
Parameter temperature effect is more pronounced at high C-rates, where the cell over potential is higher.
Results and discussions
By applying the thermal and electrochemical parameters, a general parametric battery model was constructed. However, the underpinning model and experimental methods can be applied for batteries of different sizes or chemistries by reparametrizing the model. The following sections present the validation of the electrochemical and thermal model for the 53 Ah NMC cell. Moreover, variation of capacity and power over the ambient temperature is futher discussed.
Verification of the model

OCV tests/charge and discharge
The OCV of the cell is defined as the difference between the potential of the positive and the negative electrode. Ideally, the OCV is measured for each electrode separately. However, in this study the theoretical equations, presented in Table 2 , were employed to represent the potential of each electrode locally. Then, the obtained OCV from the mathematical model was compared with the cell level measured OCV at 25°C, as presented in Fig. 6(a) . Variation of the OCV over the ambient temperature from experimental measurements is shown in Fig. 6(b) . The terminal voltage of the battery under different constant charge and discharge rates at 25°C is presented in Fig. 6(b,c) . The simulation data refers to the predicted voltage from the mathematical model and the experimental data were collected during cell operation. The results show the validity of the model for the whole operating range of the cell.
The total error can be obtained as follows:
sim exp exp (36) V sim is the terminal voltage obtained from the model and V exp is the measured voltage. The results show a satisfactory agreement between the simulation and experimental data, with 5.7%, 6.4% and 1.2% peak error for OCV, discharge and charge events at 25°C. The accuracy of the model is comparable to other published studies as in general they show a higher inaccuracy at low SOC (below 0.2) or high C-rates [8, [68] [69] [70] .
Temperature
The results obtained from the thermal model were compared with those obtained from the experiments. A fully charged cell was discharged under 3C and 5C at 25°C. A FLIR T440 thermal camera recorded the surface temperature during the process. Fig. 7(a,b) compares the numerical results with the obtained experimental data. The model accurately predicts the temperature profile with a 6% error in peak temperature at the end of discharge for both 3C and 5C. The error can be attributed to either the assumption of uniform heat generation within the cell body or the accuracy of the thermal boundary conditions. The hot spots are generally expected to be close to the positive tab [13, 47, 71] whereas both the experimental and simulation results show that the hot spot is close to the cell centre in this study. The same phenomenon has been already reported by Grandjean et at. [3] . This is due to the large brass blocks, connecting the tabs to the cycler, which act as a heat sink, drawing the heat from the cell via conduction and dissipate it to the environment via convection [3] . To ensure that this is the case, a new set of simulations were conducted eliminating the brass block as presented in the third row of Fig. 7(a,b) , (a 9 -a 12 , b 9 -b 12 ). It is observed that at 3C until t = 800s the hot spot is close to the positive tab and it eventually moves towards the cell centre by the end of discharge. This is a similar observation to the results of Veth et al., where the migration of the hotspot occurs due to the effect of convective cooling on the edges of the cell [72] . Whereas during the 5C discharge the positive tab is always the hot spot. That is because the heat generation of the tab increases at a rate equal to the square of the current, its contribution to the total heat generation is therefore more pronounced.
Validation of the model -drive-cycle simulation/experimental work
Different charge and discharge protocols at different ambient 
Table 10
Charge and discharge test protocols of the 53 Ah cell at different ambient temperatures. 
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temperatures help to understand the existing correlation between the battery resistance, load current as well as ambient temperature. However, to obtain a realistic estimation of the battery performance under various conditions, two drive cycles were applied, namely WLTP Class 3 and a high performance EV drive cycle. The methodology for construction of the EV race duty cycle is beyond the scope of this paper, however, details behind its derivation is discussed further in Ref. [37] .
The tests started at initial SOC = 100% for both drive cycles and a final SOC of 0.2 and 0.05 was reached at the end of the race and WLTP Class 3 cycles respectively. The current profile, terminal voltage, total heat generation, SOC and maximum surface temperature (T 6 as displayed in Fig. 1 ) of the cells corresponding to the race and WLTP cycle at different ambient temperatures, (5°C, 25°C and 45°C) is presented in Fig. 8(a,b) . The results for the race cycle reveal that there is a significant voltage drop at 5°C compared to 25°C and 45°C operating temperature, especially at the beginning of the drive cycle until t = 800s, after that the rate of voltage reduction is monotonic. This can be attributed to the self-heating effect which causes a temperature rise in the cell and therefore reduces the internal resistance [6] . The heat generation follows the same trend as the terminal voltage as it is proportional to the voltage drop. The time averaged heat generation value is equal to 49.5 W at 5°C while it drops to 30.3 W and 28.5 W at 25 and 45°C ambient temperatures respectively, corresponds to 38.8% and 42.4% heat reduction. It is clear that low operating temperatures significantly deteriorates battery performance. It is noteworthy that even though higher operating temperatures are desirable in terms of power and capacity improvement, its impact for long term operation is not beneficial as it is known to accelerate battery aging [6, 73] . The maximum surface temperature of the cells at the end of the race cycle where the SOC reaches to 0.2 is equal to 33.7°C, 44,6°C and 62.6°C at 5°C, 25°C and 45°C ambient temperatures respectively. The maximum temperature elevation is equal to 28.7°C for 5°C environmental conditions. This reduces to 19.6°C and 17.6°C under 25°C and 45°C operational temperatures. As seen, the response of the battery to the load current is very different at low temperatures while the difference is not noticeable for temperatures above 25°C. This further reinforces the importance of controlling the operating temperature of the battery, to avoid both high internal resistance as well as accelerated degradation rate.
Comparing the numerical and experimental terminal voltage of the cell corresponding to the race cycle, it is seen that the model can predict the cell behaviour very accurately during the whole cycle. At 25°C ambient temperature, the peak and average error is equal to 2% and 0.5% respectively. The model captures the cell voltage at 45°C accurately, with 1.7% peak error along with 0.5% average error. It is seen that at 5°C, there is a deviation between the voltages at the beginning of the cycle until t = 500s. In addition, the numerical voltage during the charge process is slightly higher from t = 1000s until the end of the duty cycle. This can be partly attributed to the OCV variation at 5°C compared to 25°C. Moreover as highlighted within section 1, the electrochemical parameters are highly temperature dependent, and the resistance of the cell behaves very differently at lower temperatures [67] . This phenomenon might not be fully captured through inclusion of the Arrhenius function to the equations. The peak error is equal to 16.1% at t = 363s, and the average error is 2.3% which is acceptable as the model covers a wide range of currents and temperatures.
For WLTP Class 3 which is more representative of urban and commuter operation than the high performance EV cycle, the batteries start operation at 100% SOC. The battery response to WLTP drive cycle is shown in Fig. 8(b) . The measurements confirm that even with a gentle drive cycle the battery performance is very poor at low ambient temperatures. The low voltage of the cell at 5°C leads to a higher heat generation, 13.8 W which is almost twice of that at 25°C, equal to 6.3W . By rising the ambient temperature, the heat generation reduces further however the variation is not significant, equal to 5.1 W at 45°C which is a 19% deduction. The maximum surface temperature of the batteries (T 6 , displayed in Fig. 1 ), at the end of WLTP cycle, at 5% SOC is equal to 21.2°C, 34.5°C and 52.4°C at 5°C, 25°C and 45°C respectively. Moreover, the corresponding temperature rise of the cell surface is equal to 16.2, 9.5 and 7.4°C. Similar to the race cycle the model prediction for 25°C and 45°C is accurate, but a larger deviation is observed at 5°C. The peak error for WLTP cycle at 5°C, 25°C and 45°C is equal to 12.1%, 5.3% and 2.7% versus an average error of 1.2%, 0.8% and 0.7% respectively. The error rises as the SOC decreases, especially for WLTP after 5000s where the SOC reduces to circa: 0.2. Knowing that a typical SOC range for EVs is between 0.2 and 0.8, to avoid overcharge or overdischarge [74] , the peak error for (SOC < 0.2) can be eliminated. The accuracy of the current model is comparable to a recent study published by Farag et at. [28] , covering a broad range of C-rates and temperatures.
Capacity and power
The capacity of the cell (obtained from the model and experiments) as a function of C-rate and ambient temperature is presented in Table 11 . As seen, the model prediction for > T°C 15 amb is fairly well with 4.8% error, whereas a larger error is observed at 5°C, equal to 12.3% at 0.5C. It is seen that the capacity increases as the temperature rises but its rate is not monotonic. Under 0.5C discharge, by increasing T amb from 5°C to 45°C the capacity increases by 20.6% while the increase rate is equal to 10.7% under 4C discharge event. In general, at low ambient temperatures the cell resistance is much higher and this leads to a lower power and capacity. However, due to the self-heating effect the capacity loss is less significant at higher C-rates, as seen in Fig. 5 , and reported in Table 11 . The power output of the cells under continuous discharge conditions as well as duty cycles at different ambient temperatures are presented in Table 12 . A maximum deviation of 6.3% is observed between the simulation and experimental data at 5°C ambient under 5C discharge rate. The results show that by decreasing the temperature from 45°C to 5°C the power loss is around 9.2% under 5C discharge and it becomes less significant as the current decreases, equal to 3.6% under 0.5C discharge. Moreover, the corresponding power loss is around 5.23% under the race cycle along with 7.57% under WLTP drive cycle.
Further work
The primary objective of this study was to present a systematic approach to fully parametrise and validate a large format cell and to introduce the full data set for it which has rarely been published within the literature. The underpinning methodology for experimental parameterisation, verification and model structure are deemed to be generic. However, the authors acknowledge that further research is required to quantify the performance of the cell model and its transferability to other cell chemistries and form factors. In this study the model is based on coupling of the 1D electrochemical and 1D thermal model to reduce the computational cost. Further the developed model is combined with a 3D thermal model sequentially to predict the temperature distribution in the cell scale. However, this assumption is valid as long as there is no active cooling in the system. It should be mentioned that to design a TMS, the two-way coupling between the 1D and 3D model is required, which will be considered in the future. The next stage of the research is to increase the accuracy of the model by OCV measurement of the single electrodes at different ambient temperatures rather than using literature data, along with introducing entropic terms of the individual electrodes instead of cell scale entropy measurement. This refinement will enable the model to predict the voltage and capacity of the cell more precisely, especially for low ambient temperatures. The second avenue of further study is to employ the now validated model for module and pack level research, by aggregating different cell models together to form a complete simulation of a battery assembly. As part of this work, a conceptual architecture of a battery pack design employing 53 Ah cells that has the equivalent electrical performance attributes to the TESLA S pack assembly is being designed. The impact of load imbalances within a parallel string on the temperature variation will be investigated and subsequently published. Moreover, novel thermal management systems will be introduced to the simulation in order to investigate different strategies to effectively remove the heat from such large format battery cells.
Conclusions
Using a P2D electrochemical approach coupled with a 1D and 3D lumped thermal model, this study presents a fully validated model of a large format 53 Ah for a wide range of continuous charge (0.5C-2C), discharge (0.5C-5C), and drive cycles (race cycle and WLTP class 3), under 5°C-45°C ambient temperature. Formulation of the model is Table 11 The capacity variation of the 53Ah cell over different C-rates and ambient temperatures. Sim corresponds to simulation results and exp represents the experimental data.
Table 12
The Power variation of the 53Ah cell over different C-rates and ambient temperatures. Sim corresponds to simulation results and exp represents the experimental data.
supported by a comprehensive set of experiments, for quantifying key parameters and for model validation. In addition, the full parameter-set for the model and the experimental methods employed, which are not normally included in the literature, are provided ensuring the model is a valuable resource to underpin further research.
Simulation results highlight that battery performance is highly dependent on ambient temperature. By decreasing the ambient temperature from 45°C to 5°C the available capacity drops by 17.1% and 7.8% under 0.5C and 5C discharge respectively. Moreover, the corresponding power loss is found to be: 5.23% under the race cycle along with 7.57% under WLTP drive cycle. The increased internal resistance of the cell leads to 73% rise in heat generation under the race cycle along with a 119% increase under the WLTP duty cycle. Based on the results, one conclusion is that it is best to keep the operating temperature above 25°C as lower temperatures can lead to a considerable capacity loss, whilst for temperatures above 25°C the capacity gain is not significant. The upper limit for the temperature is defined by the aging rate and found to be around 35°C by a number of different researchers. Therefore, to keep a compromise between the battery performance and aging a temperature range of 25°C-35°C is recommended which is slightly different with the existing literature values, defined within a range of 15°C-35°C.
Overall, response dependency of lithium-ion battery to operating conditions underpins the value of the detailed performance of the cell under specific conditions. For example, safety and reliability of the cell can be improved, knowing how quickly the cell reaches to the cut-off temperature so that potential hazards such as thermal runaway can be avoided. Moreover, the existing correlation between the temperature and the achievable capacity, power and usable lifetime can help us extend the vehicle range and reduce the cost of the battery pack.
